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Insect embryo segmentation is largely divided into long and short germ types. In the long germ type,
each segment primordium is represented on a large embryonic rudiment of the blastoderm, and
segmental patterning occurs nearly simultaneously in the syncytium. In the short germ type, however,
only anterior segments are represented in the small embryonic rudiment, usually located on the egg
posterior, and the rest of the segments are added sequentially from the posterior growth zone in a
cellular context. The long germ type is thought to have evolved from the short germ type. It is proposed
that this transition, which appears to have occurred multiple times over the course of evolution, was
realized through the acquisition of a localized anterior instruction center. Here, I examined the early
segmentation process in the silkmoth Bombyx mori, a lepidopteran insect, in which the mechanisms of
anterior–posterior (AP) axis formation have not been well analyzed. In this insect, both the long germ
and short germ features have been reported. The mRNAs for two key genes involved in insect AP axis
formation, orthodenticle (Bm-otd) and caudal (Bm-cad), are localized maternally in the germ anlage,
where they act as anterior and posterior instruction centers, respectively. RNAi studies indicate that,
while Bm-cad affects the formation of all the even skipped (Bm-eve) stripes, there is also anterior
Bm-eve stripe formation activity that involves Bm-otd. Thus, there is redundancy in Bm-eve stripe
formation activity that must be coordinated. Some genetic interactions, identiﬁed either experimentally
or hypothetically, are also introduced, which might enable robust AP formation in this organism.
& 2012 Elsevier Inc. All rights reserved.Introduction
Insect embryo segmentation is largely divided into long and short
germ types. In the long germ type, each segment primordium is
represented on a large embryonic rudiment of the blastoderm, and
segmental patterning occurs nearly simultaneously in the syncytium.
In the short germ type, however, only anterior segments are
represented in the small embryonic rudiment, usually located on
the egg posterior, and the rest of the segments are added sequentially
from the posterior growth zone in a cellular context. The long germ
type is thought to have evolved from the short germ type. During this
transition, which appears to have occurred multiple times over the
course of evolution, there has been a posterior-to-anterior shift in
position where anterior segmentation occurred within the egg. It has
been proposed that this shift was realized through the acquisition of a
localized anterior instruction center (Davis and Patel, 2002; Liu and
Kaufman, 2005; Lynch et al., 2006; Peel et al., 2005).
In fact, in Drosophila melanogaster, which represents a long germ
type, mRNA transcribed from the homeobox containing gene bicoidll rights reserved.(Dm-bcd), which is initially localized at the anterior pole of the egg,
acts as an anterior center: an anterior to posterior Dm-Bcd morpho-
gen gradient established from the localized RNA, activates down-
stream genes in a concentration-dependent manner (Driever, 1993).
In another long germ insect, Nasonia vitripennis, mRNA transcribed
from another homeobox containing gene, otd (Nv-otd1), is localized
at both the anterior and posterior poles, and the anteriorly localized
RNA appears to function similarly to Dm-bcd RNA (Lynch et al.,
2006). The otd gene is an evolutionarily conserved gene with similar
target speciﬁcity to Dm-bcd, which, in contrast to otd, is only found
in higher dipterans, and some of the otd functions are thought to
have been taken over by bcd in the lineage leading to Drosophila
(Schro¨der, 2003). The otd gene is thus considered to be an ancestral
anterior patterning gene. In another long germ hymenopteran, Apis
mellifera (honeybee), otd1 (Am-otd1) and otd2 (Am-otd2) mRNAs
become enriched in the anterior region after fertilization, and both
are involved in anterior patterning (Wilson and Dearden, 2011).
In addition to these anterior systems, hunchback (Dm-hb) is also
known to be involved in anterior patterning in Drosophila. Dm-hb is
expressed both maternally and zygotically. While zygotic Dm-hb is
activated by Dm-bcd, initially ubiquitously expressed maternal Dm-hb
RNA is targeted by the posteriorly expressed Nanos (Dm-Nos) protein,
resulting in the restriction of Dm-Hb expression to the anterior half:
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genes through the nos response element (NRE) and causes their
degradation. If Dm-nos function is compromised, maternal Dm-hb is
expressed in the entire embryo, resulting in the suppression of
abdomen development (Driever, 1993; St Johnston, 1993). The
hb-nos system appears to be evolutionarily conserved; posterior nos
expression, as well as posterior suppression of hb and putative
NRE(s) in hb 30 UTR, are observed in many insects (Dearden, 2006;
Lall et al., 2003; Lynch and Desplan, 2010; Nakao et al., 2008;
Schmitt-Engel et al., 2012). Dm-hb speciﬁes AP pattern synergistically
with Dm-bcd (Simpson-Brose et al., 1994). A similar synergistic
interaction was also shown to occur in Nasonia, with, in this case,
otd (Nv-otd1) (Lynch et al., 2006). On the other hand, nos genes appear
to have different target genes depending on the insect. The nos genes
function to create a permissive environment for posterior patterning
by shutting down anterior inﬂuences (Lynch et al., 2006; Schmitt-
Engel et al., 2012).
In the model short germ type insect Tribolium castaneum, it has
been proposed that Tc-otd1 and Tc-hb substitute for the function of
bcd (Schro¨der, 2003). However, recent evidence does not support
the patterning function of Tc-otd1 nor the synergistic interaction of
Tc-otd1 and Tc-hb on which the proposal was based; hb is now
considered to be an ancestral trunk-patterning gene (Kotkamp et al.,
2010; Marques-Souza et al., 2008). At present, the existence of an
anterior instruction center in short germ insects is unclear, although
recently, it has been proposed that another unidentiﬁed anterior
factor functions as such a molecule in Tribolium (Schmitt-Engel et al.,
2012). Of note, however, is the recently identiﬁed negative regulator
of the canonical Wnt pathway, the axin homolog from Tribolium
(Tc-axin), with maternal transcripts that are localized in the anterior
poles of freshly laid eggs. This regulator suppresses the anterior
expression of the posterior organizing molecule Tc-cad (see below), a
Wnt pathway target (Fu et al., 2012). Whether Tc-axin or other
anteriorly localized molecules function as anterior instruction cues
in short germ insects remains to be elucidated. Thus, much remains
to be studied about the mechanisms of anterior patterning in short
germ insects and the evolution of insect anterior patterning. How-
ever, the hypothesis that, during the evolution of insects from the
short germ to the long germ type, the developmental mechanisms
shifted from one (posterior only) localized center system to two
(both anterior and posterior) systems, appears to remain valid
(Liu and Kaufman, 2005), provided that the anterior center mole-
cules function in a manner similar to that of the Dm-bcdmorphogen.
In short germ insects, the anterior embryonic proper is formed away
from the anterior egg pole, and the morphogenetic gradient origi-
nating from the anterior pole does not seem to effectively shape the
anterior segments as it does in long germ insects (Lynch et al., 2006).
For posterior patterning, another conserved homeobox gene,
cad, plays a key role. In insects, cad reduction causes severe
defects in posterior patterning (Copf et al., 2004; Olesnicky et al.,
2006; Shinmyo et al., 2005; Wilson et al., 2010). Remarkably, in
short germ insects, most body patterning, except for head
patterning, relies on cad. Although the mode of function is still
unclear, cad is maternally expressed with only one known
exception in the dipteran Megaselia abdita (Stauber et al., 2008),
and appears to function by regulating gap genes. In this sense, cad
sits at the top of the segmentation hierarchy in a similar manner
to bcd in Drosophila or otd in some other insects. Together with
nos, cad appears to comprise at least part of the posterior center
system (Schmitt-Engel et al., 2012).
The silkmoth Bombyx mori is a lepidopteran, in which the
mechanisms underlying AP axis formation have not been well
studied. Remarkably, Bombyx segmentation shows both long and
short germ features. The segmentation of the insect, as observed
in the short germ type, proceeds sequentially from anterior
to posterior in a cellularized environment. However, like the longgerm type, it shows a large embryonic anlage, within which each
segment primordium is fate-mapped without a growth zone
(Myohara, 1994; Nakao, 2010).
Therefore, I examined the early segmentation process in
Bombyx to explore the diversity of the mechanisms underlying
insect AP axis formation.Materials and methods
Silkworm strains, rearing and development
The B. mori strains pnd-ps w1 and p50 was used. Most RNAi
experiments were done with p50, except for when morphologies
of treated embryos were examined. The silkworms were reared
on an artiﬁcial diet (Nippon Nosanko). For a general description of
early Bombyx development, see Nagy et al. (1994).
Identiﬁcation, isolation and analyses of cDNAs
KAIKOBLAST (silkworm genomic sequence, Mita et al. (2004))
search with the Tc-otd1 sequence, identiﬁed one sequence with
similarities to otd. 50–RACE was performed based on this sequence
information, and the resulting product was cloned into pBluescript
and sequenced. The primer used for the 50–RACE was 50-cagcgc-
gacctcctccctcatgaagatgtca-30. The procedure for RACE was previously
described (Nakao et al., 2008). The resulting sequence was used for
an EST (Mita et al., 2003) search. One EST corresponding to the
sequence was found and designated as fe100P14N19. The full-
length sequence of the clone was determined (accession number,
AB558504). Bm-ems and Bm-nub were identiﬁed by EST search
using Drosophila sequence information (Suetsugu, unpublished). The
EST clones were fwdP06L23 (accession number, DC554293) for
Bm-ems and fner6a07 (accession number, FS857931) for Bm-nub.
Additional sequence information for Bm-ems was deposited under
accession number AB721968.
In situ hybridization
Fixations and in situ hybridizations were performed as previously
described (Nakao et al., 2008). To obtain probes for hybridization,
Bm-ems, Bm-kr and Bm-nub PCR fragments were cloned into pBlue-
script. Primer pairs used for ampliﬁcation of these fragments were as
follows: Bm-ems, 50-cgtcacaatggattgtgctg-30, 50-gagttgagacggaga-
gaacg-30 and 50-gagcacgccttcgagaagaa-30, 50-cgatctacatgaatggtcac-30;
Bm-kr, 50-ttgtcgtaggtcacgaccag-30, 50-ggcttttctcccgtgtgtgt-30; Bm-nub,
50-tttgcagccgctggcgctgc-30, 50-tccaccgtacataatcgagc-30. The template
for the Bm-otd probe was the 50-RACE clone described above.
Each plasmid DNA was cut with either EcoRI or HindIII and RNA
probes were synthesized using either T3 or T7 polymerase, depending
on the direction of the insert. Note that two probes were mixed for
Bm-ems in situ experiments to improve signal intensity.
RNAi
A total of 3 mg/ml dsRNAs was injected dorsally into eggs 2–4 h
AEL. The dsRNAs were prepared using a MEGAscripts RNAi Kit
(Ambion) exactly as described in the manual. The templates used for
in vitro transcription were PCR fragments of the corresponding
genes, ﬂanked by T7 promoter sequences. The primers used for
ampliﬁcation were as follows: otd, 50-taatacgactcactatagggagagga-
gagcgaaatgcagacaa-30, 50-taatacgactcactatagggagatcaggttaccggttaaa-
cgg-30; cad, 50-taatacgactcactatagggagaggagagcgaaatgcagacaa-30,
50-taatacgactcactatagggagaccgaagtagcgcctatacta-30; hb, 50-taatacgact-
cactatagggagacgagttcatccgtgagatgt-30, 50-taatacgactcactatagggagagtt-
ctgggcgagtaagactc-30.
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dsRNA totaled 9 mg/ml. When Bm-otd and Bm-cad RNAi experi-
ments were performed using this concentration of dsRNA, the
resulting embryo phenotypes were essentially the same as those
performed using 3 mg/ml dsRNA. Thus, I concluded that this high
dsRNA concentration did not produce artifacts.Results
Isolation of the Bombyx ortholog of orthodenticle
A single otd homolog (Bm-otd) was identiﬁed by a BLAST
search of the silkworm genome (Mita et al., 2004). Subsequent
to the analysis of the 50–RACE product of this gene, the corre-
sponding clone was found in the Bombyx full-length cDNA
collection (Mita et al., 2003), and sequencing was carried out. In
the 30 untranslated region (1868 bp in length), there are two
8-nucleotide core motifs were found that binds to Pumilio (Pum).
Pum is an RNA binding component of the Dm–Nos-containing
protein complex that is known to repress Dm-hb through NRE.
One of the motifs comprised part of an NRE-like sequence (Gerber
et al., 2006; Sonoda and Wharton, 2001; Wharton and Struhl,
1991). In addition, the TGTA tetranucleotides found in the mRNAs
that interact with Puf occurred at a high frequency (18 times)
(Gerber et al., 2006) (Fig. S1).
The cad homolog (Bm-cad) was previously identiﬁed (Xu et al.,
1994).
Bm-otd and Bm-cad expression at the early embryonic stages
To determine whether these genes were expressed, as was
expected considering their patterning functions, embryonic
expression patterns were studied. In freshly laid eggs, bothBm-otd
Fig. 1. Bm-otd and Bm-cad RNA localization during oogenesis and in freshly laid eggs as
is to the left. (A)–(D) Bm-otd. (E)–(H) Bm-cad. (A)(A0)(E)(E0) early oogenesis stage. (B
propidium iodide (PI) stained images of (A)(B)(E)(F), respectively, that show the interna
(positioned right). (B)(B0)(F)(F0) dorsal view. (C)(G) lateral view. Dorsal side is up. (D)(H)
within oocytes. Asterisks in (E) indicate the dorsal side of the oocytes.transcripts were shown to be localized within the germ anlage
where formed an AP pattern; Bm-otd RNA is localized anteriorly
(Fig. 1C and D) and Bm-cad RNA posteriorly (Fig. 1G and H). This
AP pattern is preformed maternally, as shown below. Both RNAs
appeared to form AP concentration gradients. As development
proceeded, Bm-otd expression was restricted more anteriorly to
the head lobe. Then, CNS expression also occurred (Fig. 2). On the
other hand, Bm-cad expression receded posteriorly as previously
reported (Nakao, 2010; Xu et al., 1994). During oogenesis, the Bm-
cad transcript was localized ventro-laterally in the early-stage
oocyte (Fig. 1E). At about the same time, Bm-otd transcript was
visualized as two opposing spots around the AP axis (Fig. 1A).
Then, as the oocytes grew, an anterior Bm-cad marginal zone
appeared (Fig. 1F), where a diffuse band of Bm-otd transcripts
extending from the nurse cell–oocyte boundary became evident
(Fig. 1B).RNAi analyses of the functions of Bm-otd and Bm-cad
To determine whether Bm-otd and Bm-cad function in AP
patterning, RNAi knockdown experiments were performed. In
this study, only embryonic RNAi was employed because parental
RNAi does not function in Bombyx. To perform these experiments,
dsRNAs were injected 2–4 h after egg laying (AEL), long before
energid penetration into the periplasm begins (approximately 8 h
AEL). Using this procedure, maternally deposited Bm-otd and
Bm-cad RNAs were degraded before the energids reached the egg
surface (Fig. S2). Assuming that these RNAs were translated after
energid penetration into the periplasm, this procedure should have
been sufﬁcient to suppress zygotically supplied proteins from these
RNAs and to examine their functions. The concentration of dsRNAs
concentration was approximately 3 mg/ml.Bm-cad
examined by whole mount in situ hybridization (WISH). In each panel, the anterior
)(B0)(F)(F0) late oogenesis stage. (C)(D)(G)(H) freshly laid eggs. (A0)(B0)(E0)(F0) are
l structures of the egg chambers, including nurse cells (positioned left) and oocytes
ventral view. Arrows in (A)(B) indicate the positions where Bm-otd was expressed
Bm-otd
Fig. 2. Time course of Bm-otd expression during early embryogenesis stages, as examined by WISH. In each panel, the anterior is to the left. Ventral view. Initially, the
transcript was localized in the anterior of the germ anlage (A)(B). Then, it was observed in the head lobe (C). As the germ band elongated, CNS expression was also
observed (D).
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Fig. 3. Morphologies of Bm-otd and Bm-cad dsRNA treated embryos. (A)–(E) Light microscopic images. (F)(G) DAPI stained ﬂuorescent images. (A0)(B0) are magniﬁed views
of the anterior region of embryos in (A)(B), respectively. (A)(A0)(F) untreated control embryos. (B)–(D) Bm-otd dsRNA-treated embryos. (E)(G) Bm-cad dsRNA-treated
embryos. at: antenna. lr: labrum. md: mandible. mx: maxilla. li: labium. thl: thoracic leg. Bars represent 0.2 mm.
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divided into weak and severe classes. Of the 58 embryos analyzed,
four were normal. Twenty-four embryos had deleted head seg-
ments (weak: Fig. 3B and B0). In the severe class (n¼30), various
anomalies in addition to head deletion were detected from the
gnathal to the ﬁrst thoracic segments (Fig. 3C and D). However,
these embryos did not represent a simple deletion phenotype
series; in some samples, some gnathal segments appeared to be
preserved while a thoracic segment was affected (Fig. 3D).
By contrast, Bm-cad RNAi essentially produced a single phenotype
(n¼12), i.e., embryos consisting of only head segments with a
spherical cell mass attached posteriorly and lacking all of the
posterior segments from the gnathal region (Fig. 3E and G). These
phenotypes were not observed in egfp-dsRNA treated control
embryos (n¼31).
The above results support the idea that Bm-otd and Bm-cad
have anterior and posterior patterning functions. However, mor-
phological phenotypes could have been produced secondarily
(Kotkamp et al., 2010). Therefore, the RNAi phenotypes werefurther assessed using an early molecular marker, the pair-rule
gene Bm-eve (Bombyx even skipped) (Nakao, 2010). In these
embryos, the Bm-otd RNAi phenotypes could also be divided into
weak and severe classes. Of the 49 treated embryos, only one was
normal. In the weak class (n¼33), all of the Bm-eve stripes were
preserved. However, the distance between the anterior edge of
the germ band and the ﬁrst stripe was reduced (compare Fig. 4A
and B). In the strong class (n¼15), in addition to possessing the
weak trait, the ﬁrst and second Bm-eve stripes were fused at the
ventral region (Fig. 4D, compare with Fig. 4C). On the other hand,
in most of the Bm-cad RNAi-treated embryos (62/70), only one
lateral Bm-eve stripe pair was observed (Fig. 4F and G). The
identity of this stripe pair was unclear. However, double staining
with Bm-ems and Bm-kr (Bombyx kru¨ppel: see below) revealed
that the Bm-eve stripe pair was located posterior to the Bm-ems
stripe pair (Fig. 4F) and anterior to the remaining Bm-kr domain
(Fig. 4G, see below). Because the Bm-ems stripe pair appeared
anterior to the Bm-eve #1 stripe (Fig. 4E) and the Bm-kr domain
encompassed the range from just posterior to the Bm-eve #2
con
con
-otd -otd -otd
-cad -cad -otd/cad
eve /kr eve /kr eve /kr eve /kr
eve /ems eve /ems eve /kr eve
1 2
3 4 5 6
1
2 3
4 5 6 1 2
3 4 5 6
1 2 3 45 6
1 2 3 4 56
Fig. 4. The effects of Bm-otd and Bm-cad RNAi on segmentation as examined by Bm-eve expression. Embryos were ﬁxed approximately when the germ band began to
elongate in the control embryos and were subsequently subjected to WISH. In each panel, the anterior is to the left. (A)(B) lateral view. (C)–(H) ventral view. Dashed line
outlines the germ band (disk) seen in each panel. (A)(E) untreated control embryos. (B)–(D) Bm-otd RNAi embryos. (F)(G) Bm-cad RNAi embryos. (H) Bm-otd/Bm-cad double
RNAi embryo. (A)–(D)(G): embryos were double-stained for Bm-eve (blue) and Bm-kr (red). (E)(F) double-stained for Bm-eve (blue) and Bm-ems (red). (H) stained for
Bm-eve (blue). A red arrow in (G) indicates position of remaining Bm-kr stripe. Numbers in (A)–(E) denote Bm-eve stripe numbers.
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embryos, the Bm-eve stripe pair that was observed in Bm-cad
RNAi embryos appears to correspond to a range that would cover
the Bm-eve #1–#3 stripes, if these stripes existed. Of note is that
the intensity of the Bm-eve stripe pair is weak as compared to that
of normal Bm-eve stripes, and in some treated embryos (8/70), the
pair was not observed, which could be due to expression levels
that were below the detectable limit. The observed phenotypes in
the Bm-otd and Bm-cad RNAi experiment were essentially the
same when concentration of dsRNA was tripled (to 9 mg/ml). In
egfp-dsRNA treated embryos, Bm-eve stripe formation was normal
(n¼53). When Bm-otd and Bm-cad activities were simultaneously
knocked down by double RNAi, the Bm-eve stripe pair that was
observed in Bm-cad RNAi embryos was not observed (Fig. 4H)
(n¼60). These results indicate that, in the absence of Bm-cad
activity, Bombyx possesses some anterior Bm-eve stripe forming
activity that involves Bm-otd. It appears that this anterior stripe
forming activity and that of Bm-cad is coordinated during normal
embryogenesis. The fused Bm-eve anterior stripe observed in
Bm-otd RNAi embryos may exemplify the breakage of this coordi-
nation system.
Gene regulatory interactions during early Bombyx embryogenesis
In the segmentation gene hierarchy of Drosophila, gap genes
occur between maternal genes and pair-rule genes. These genes
sense and are activated by maternal gene activity (Pankratz and
Ja¨ckle, 1993). To understand the regulatory relationship between
maternal and gap genes in Bombyx, RNAi-treated embryos were
further examined for gap gene expression. The gap gene candi-
dates that were examined included Bm-ems (Bombyx empty
spiracles) and Bm-kr. Bm-nub (Bombyx nubbin) was also examined
because the orthologs of these genes appeared to show gap-like
expression in the abdomen (Hrycaj et al., 2008). Of these, Bm-ems
and Bm-nub was identiﬁed in this study (see Materials and
methods). The effect of RNAi on the expression of Bm-hb and
Bm-nosP were also examined because these genes are also
zygotically activated (Nakao et al., 2008; Xu et al., 1997)
The hb gene is expressed maternally and/or zygotically
depending on the insect. Bm-hb expression was observed zygoti-
cally, as previously reported (Xu et al., 1997). The expressionpattern changed dynamically during early embryogenesis
(Fig. 5F–J), which precluded the reliable assessment of the effect
of RNAi on Bm-hb expression. However, in Bm-otd and Bm-cad
double RNAi embryos, the Bm-hb domain was consistently
observed (Fig. S3) (14/15), which indicates that some factors
other than zygotically supplied Bm-Otd and Bm-Cad proteins
activate Bm-hb.
Bm-ems also began to be zygotically activated as a lateral
stripe pair, as described above, a few hours after energids
penetration into the periplasm (Fig. 5A–E). While the Bm-ems
stripe pair could not be seen in Bm-otd RNAi embryos (n¼13),
consistent with the lack of an expressed region in these embryos,
the pair remained in Bm-cad RNAi embryos (Fig. 4F) (n¼22). As
the expression patterns of Bm-ems and Bm-hb suggest the
regulation of the former by the latter, the effect Bm-hb RNAi on
Bm-ems expression was examined. As shown in Bm-hb RNAi
embryos (Fig. 6B, compare with Fig. 6A), the Bm-ems stripe pair
was intensiﬁed and bridged ventrally (n¼8), suggesting that Bm-
hb represses Bm-ems. Furthermore, in Bm-cad and Bm-hb double
RNAi embryos, Bm-ems expression appears to be expanded
posteriorly (Fig. 6C, compare with Fig. 6B) (n¼12). This result
may indicate that both Bm-hb and Bm-cad prevent Bm-ems from
being expressed posteriorly.
Bm-kr expression began to be detectable at the median-to-
posterior region at a time similar to the beginning of Bm-ems
expression. Then, Bm-kr expression receded anteriorly and occu-
pied the median region (Fig. 5K–O). In Bm-otd RNAi embryos, the
expression was detected at a normal position relative to those of
the Bm-eve stripes (Fig. 4B and C) (n¼45). By contrast, in Bm-cad
RNAi embryos, the expression of Bm-kr almost disappeared,
except for a small (often narrow) median ventral band (Fig. 7B)
(n¼15). In Bm-otd and Bm-cad double RNAi embryos, however,
Bm-kr expression resumed to occupy the anterior region to the
edge of the germ band (Fig. 7C) (n¼16). This indicates that Bm-
otd suppresses Bm-kr anteriorly, at least beyond the position of
Bm-eve #1 stripe occurrence, where Bm-kr is normally expressed.
On the other hand, Bm-kr expression in double RNAi embryos
further indicates the existence of some factor(s), other than
zygotically supplied Bm-Otd and Bm-Cad proteins, that positively
regulate Bm-kr, perhaps Bm-hb. Indeed in Bm-otd, Bm-cad and
Bm-hb triple RNAi embryos, Bm-kr was no longer detected (Fig. 7D)
ems
ems
ems
con
-hb
-hb/cad
Fig. 6. The effect of Bm-hb and Bm-cad RNAi on the expression of Bm-ems.
Embryos were ﬁxed approximately when the germ bands began to elongate in
the control embryos and were subjected to WISH. In each panel, the anterior is to
the left. Ventral view. (A) untreated control embryo. (B) Bm-hb RNAi embryo.
(C) Bm-hb/Bm-cad double RNAi embryo. (A)–(C) ventral view. Dashed line outlines
the germ band (disk) seen in each panel.
kr
kr
kr
kr
con -cad
-cad/otd -cad/otd/hb
kr -hb -otd/hbkr
Fig. 7. Effect of Bm-otd, Bm-cad and Bm-hb RNAi on the expression of Bm-kr.
Embryos were ﬁxed approximately when the germ band began to elongate in
control embryos and were examined for Bm-kr expression by WISH. In each panel,
the anterior is to the left. (A)–(F) ventral view. Dashed line outlines germ band
(disk) seen in each panel. (A) untreated control embryo. (B) Bm-cad RNAi embryo.
(C) Bm-cad/Bm-otd double RNAi embryo. (D) Bm-cad/Bm-otd/Bm-hb triple RNAi
embryo. (E) Bm-hb RNAi embryo. (F) Bm-otd/Bm-hb double RNAi embryo.
0~2h ~12h ~14h ~17h 21~h 
Bm-ems 
Bm-hb 
Bm-kr
Bm-nub
Fig. 5. Developmental expression proﬁles of Bm-ems, Bm-hb, Bm-kr and Bm-nub as examined by WISH. In each panel, the anterior is to the left. Ventral view. Dashed line
outlines the germ band seen in each panel. (A)–(E) Bm-ems. (F)–(J) Bm-hb. (K)–(O) Bm-kr. (P)–(V) Bm-nub. Embryos were ﬁxed at 0–2 h AEL (A)(F)(K)(P), approximately 12 h
AEL (B)(G)(L)(Q), 14 hours AEL (C)(H)(M)(R), 17 h AEL (D)(I)(N)(U) and 21 h AEL (E)(J)(O)(V) and stained. Bm-otd, Bm-hb and Bm-kr began to be detected at about 14 h AEL,
whereas Bm-nub could be detected much later (21 h AEL). Arrows in (I) indicate the position of a pair of lateral stripes where Bm-hb expression was absent. This position
may correspond to the location where the Bm-ems lateral pair occurs (compare [D] and [I]).
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persisted (Fig. 7E) (n¼15); this was also the case in Bm-hb and
Bm-otd double RNAi embryos (Fig. 7F) (n¼8), although in this
con -otd
del / twi del / twi
Fig. 9. Mesoderm speciﬁcation appears to occur normally in Bm-otd RNAi
embryos. The effect of Bm-otd RNAi on the expression of Bm-twi and Bm-dl was
examined. Embryos were ﬁxed when the germ band began to elongate in the
control embryos and were double-stained for Bm-twi (red) and Bm-dl (blue). In
each panel, the anterior is to the left. Ventral view. Dashed lines outline the germ
band. (A) untreated control embryo. (B) Bm-otd RNAi embryo. Note that Bm-dl
expression completely overlaps with Bm-twi expression (A and B), suggesting its
occurrence in the mesoderm in both untreated and treated embryos.
H. Nakao / Developmental Biology 371 (2012) 293–301 299case, the anterior boundary of the Bm-kr domain was irregular in
50% cases (4/8). These results suggest that another molecule(s)
possibly under the control of Bm-cad or Bm-cad itself also stimulate(s)
Bm-kr. However, I cannot completely exclude the possibility that
residual Bm-hb activity was responsible for the persistent Bm-kr
expression in these studies.
Bm-nub could be detected in the posterior position a later time
than other gap gene candidates described above (Fig. 5P–V).
Bm-otd RNAi did not affect the expression of Bm-nub (n¼13),
but cad RNAi eliminated Bm-nub expression (n¼9). In Bm-otd and
Bm-cad double RNAi embryos, the expression of Bm-nub was not
observed (Fig. 8E–H) (n¼10).
Bm-nosP was initially expressed at the median-to-posterior
position, after which the expression receded in a posterior direction
as previously described (Nakao et al., 2008). Bm-otd RNAi did not
affect the expression of Bm-nosP (n¼15), but cad RNAi enhanced its
expression (n¼16). The enhancement was still observed in Bm-otd
and Bm-cad double RNAi embryos (Fig. 8A–D) (13/16). Thus, as in
the case with Bm-hb, some factor(s) other than zygotically supplied
Bm-Otd and Bm-Cad proteins stimulate(s) the expression of
Bm-nosP.nosP
nosP
nosP
nosP
con
-otd
-cad
-otd/cad
con
-otd
-cad
-otd/cad
nub
nub
nub
nub
Fig. 8. Effect of Bm-otd and Bm-cad RNAi on the expression of Bm-nosP (A–D) and
Bm-nub (E–H). Embryos were ﬁxed approximately when the germ band began to
elongate in control embryos and subjected to WISH. In each panel, the anterior is
to the left. (A)–(H) lateral view. Ventral side is up. Dashed line outlines the germ
band (disk) seen in each panel. (A)(E) untreated control embryo. (B)(F) Bm-otd RNAi
embryo. (C)(G) Bm-cad RNAi embryo. (D)(H) Bm-otd/Bm-cad double RNAi embryo.Effects of Bm-otd RNAi on dorsal–ventral (DV) patterning
Finally, because the function of otd genes on DV patterning in
other insects has been reported (Kotkamp et al., 2010; Wilson and
Dearden, 2011), I examined the impact of Bm-otd RNAi on DV
patterning. However, thus far I have not detected any differences
in DV patterning between treated and wild-type embryos.
The Bombyx homologs of twist (Bm-twi) and delta (Bm-dl) appeared
to be expressed normally (Fig. 9) (n¼6), and extra-embryonic
expression of Bm-hb and Bm-kr was observed in Bm-otd RNAi
embryos (n¼7 and n¼7, respectively) (Fig. S4), suggesting normal
mesoderm and extra-embryonic membrane characteristics.
Discussion
Bm-otd functions as an anterior center
Understanding the roles played by otd and cad is important for
understanding insect embryonic AP axis speciﬁcation. In previous
studies, it was revealed that the relative contribution of these two
molecules to the process differs between species. While otd (Nasonia
and Apis) and bcd (Drosophila) act as anterior center molecules and
exhibit anterior patterning functions in long germ insects (Lynch
et al., 2006; Wilson and Dearden, 2011), in short germ Tribolium, Tc-
otd’s effect appears to be restricted to the pregnathal region, at least
as revealed by Tc-eve stripe formation (Kotkamp et al., 2010). This can
be attributed to the conservation of head-gap gene function in
insects. Thus, it can be hypothesized that the dependency on the
anterior system tends to increase as insects evolve from short germ
to long germ types. As shown in this study, Bm-otd and Bm-cad
maternal RNA is localized to form an AP pattern within the germ
anlage. This novel localization reﬂects the maternal preformation of
the germ anlage (Nakao et al., 2008). Although the mode of localiza-
tion is different, anterior Bm-otd mRNA localization is reminiscent of
the type of localization that occurs in long germ insects. Thus,
whether Bm-otd performs a patterning function is of interest. In this
study, morphological anomalies beyond pregnathal segments were
observed in the Bm-otd RNAi experiment, as well as aberrant anterior
Bm-eve stripe formation. Also, the results indicate that anterior Bm-
eve stripe forming activity involves Bm-otd activity in the absence of
Bm-cad activity. In addition, this study shows that a negative effect of
Bm-otd on Bm-kr expression appears to extend beyond the preg-
nathal segments. These results strongly support the idea that
localized maternal Bm-otd RNA functions in anterior patterning.
Possible functions of regulatory interactions during Bombyx
embryogenesis
The present study identiﬁed multiple gene interactions. Some
of these interactions are particularly interesting because they hint
H. Nakao / Developmental Biology 371 (2012) 293–301300at a remarkable feature of Bombyx embryogenesis. One such
interaction concerns the positive regulation of Bm-kr by Bm-cad,
and the negative regulation of this gene by Bm-otd. This function
of Bm-otd does not appear primarily to limit the anterior expres-
sion boundary of Bm-kr because Bm-otd RNAi alone does not
expand the Bm-kr domain anteriorly. The ﬁnding that Bm-kr
shows a relatively normal pattern in Bm-otd RNAi, and in
Bm-otd and Bm-hb double RNAi embryos, whereas Bm-kr is
expressed at the anterior edge of the germ band in Bm-otd and
Bm-cad double RNAi embryos, together with the fact that no
Bm-kr expression was observed in Bm-otd, Bm-cad and Bm-hb
triple RNAi embryos suggests that Bm-cad not only positively
regulates Bm-kr (either by counteracting inhibitory Bm-otd activ-
ity or more directly), but also suppresses Bm-kr expression at a
more anterior position; this might be crucial for the wild-type
patterning of Bm-kr. However, it is also likely that the spatial
expression of Bm-kr and the intensity of this expression are
inﬂuenced by the balance between negative Bm-otd and positive
Bm-cad and Bm-hb activity, as indicated by the fact that Bm-kr
expression (which was reduced by Bm-cad RNAi) was rescued in
Bm-cad and Bm-otd double RNAi embryos. This type of activity
appears to integrate and coordinate both anterior and posterior
activity (see also the previous paragraph) to produce appropriate
output-Bm-kr expression.
In addition, Bombyx might possess a buffer function that stabi-
lizes embryogenesis against developmental perturbations. We could,
therefore, put forward a hypothetical scenario (described below) in
which Bm-cad activity is reduced by the induction of two other gene
interactions: the regulation of Bm-nosP by Bm-cad and the hypothe-
tical posttranscriptional regulation of Bm-otd by Bm-nosP via a
putative NRE found in the 30 UTR of Bm-otd.
Assume, for example, that Bm-cad expression is reduced. This
would lead to the upregulation of Bm-nosP, which, in turn, could
lead to a reduction in Bm-otd expression. Simultaneously, the
negative effects of a reduction in Bm-cad expression on Bm-kr
activity might be alleviated by a reduction in the negative effects
associated with Bm-otd. More generally, if the relative contribu-
tions of the anterior and posterior activities are important for
trunk segmentation, then upregulation of Bm-nosP (in cases of
Bm-cad reduction) might help to strike a balance between these
activities. Thus, Bombyx might possess some kind of buffer function
that stabilizes embryogenesis against ﬂuctuations in Bm-cad expres-
sion. Such an effect was not detected in the Bm-cad RNAi experi-
ment in this study. However, that is an extreme case. It might be
necessary to examine less severe perturbations. To examine this
hypothesis in more detail, more information about the target genes
and clariﬁcation of the functions of the Bm-otd, Bm-cad and Bm-nosP
genes is required.Acknowledgments
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